A secreted CC chemokine homolog, encoded by the MC148 gene of molluscum contagiosum virus, potently interfered with the chemotaxis of human monocytes, lymphocytes, and neutrophils in response to a large number of CC and CXC chemokines with diverse receptor specificities. Evidence that the viral protein binds to human chemokine receptors was obtained by competition binding and calcium mobilization experiments. The broad spectrum chemokine antagonistic activity of MC148 can explain the prolonged absence of an inf lammatory response in skin tumors that harbor replicating molluscum contagiosum virus.
Molluscum contagiosum virus (MCV), a member of the poxvirus family, produces small, papular tumors in the skin of immunocompetent children and young adults and opportunistic infections in immunodeficient AIDS patients (1) . The absence of inf lammatory cell infiltrates, in lesions that contain large numbers of virus particles, is a remarkable feature of the disease that distinguishes it from many other virus infections. One possible explanation is that MCV inhibits the activity of chemoattractant cytokines (chemokines), which comprise a large superfamily of small, secreted proteins that bind to specific G protein-coupled membrane receptors and recruit leukocytes to areas of infection and injury (2) . Generally, the ␣ or CXC chemokines attract neutrophils or lymphocytes, whereas the ␤ or CC chemokines attract monocytes, lymphocytes, eosinophils, or basophils. Presently, four CXC receptors and nine CC receptors have been defined. Usually, CXC chemokines exhibit high affinity for a single receptor whereas CC chemokines frequently bind to two or more different receptors. The finding of an ORF sequence (MC148) encoding a CC chemokine homolog, within the 190,000-bp MCV genome, provided a clue to the mechanism used to prevent an inf lammatory response (3) . In comparison to mammalian CC chemokines, the predicted NH 2 -terminal region of the mature (signal peptide-cleaved) protein encoded by MC148 is shortened (Fig. 1 A) . Because the NH 2 -terminal region of chemokines is involved in receptor activation, we suggested that the MC148 protein (MC148P) may lack agonist activity and function as a chemokine antagonist (3) . In support of that hypothesis, Krathwohl et al. (4) reported that MC148P blocks the chemotactic response of monocytes to one CC chemokine, macrophage inf lammatory protein (MIP)-1␣. Here we show that purified MC148P inhibits the attraction of multiple leukocyte subsets to CXC and CC chemokines, providing a possible explanation for the absent or delayed inf lammatory response in MCV lesions.
MATERIALS AND METHODS
Expression of the MC148 ORF. PCR was used to amplify the MC148 ORF, preceded by an optimized translation initiation sequence (5), from DNA of MCV isolates. The products of two reactions were cloned into the transfer vector pRB21 (6) and recombined into the vaccinia virus genome to generate recombinant viruses vIDA-1 and vIDA-2. Optimization of the translation initiation sequence increased expression by 3-fold over that of a previous recombinant virus (7) .
Purification of MC148P. MC148P was purified from the culture supernatant of BS-C-1 or HeLa cells infected with 10 infectious units per cell of vIDA-2. Typically, 70-90 150-cm 2 flasks containing monolayers of BS-C-1 or HeLa cells in Optimem (GIBCO͞BRL) medium were used. After 30-35 h, the medium was harvested and suspended cells were removed by centrifugation at 1,000 ϫ g for 10 min. The supernatant was adjusted to contain 0.1% Triton X-100 and clarified by centrifugation at 10,000 ϫ g for 30 min. The high-speed supernatant then was applied to a 5-ml HiTrap heparin column (Pharmacia) that had been equilibrated with 0.05 M Tris⅐HCl, pH 7.4͞0.1 M NaCl. A linear gradient of 0.1-0.6 M NaCl in 0.05 M Tris⅐HCl (pH 7.4) was used for elution. MC148P was detected by SDS͞PAGE and Western blotting. Fractions containing 0.28-0.37 M NaCl were pooled and applied to a 200-ml G50 Sephadex (Pharmacia) gel filtration column that had been equilibrated with 0.02 M sodium phosphate, pH 7.4͞0.2 M NaCl. The fractions eluting between 135 and 160 ml were pooled, diluted 3-fold with 0.02 M sodium phosphate (pH 7.4), and applied to a final 1-ml HiTrap SP column (Pharmacia) equilibrated with 0.02 M sodium phosphate, pH 7.4͞0.05 M NaCl. The cation exchange column was developed with a linear 0.05-0.5 M NaCl gradient and MC148P eluted between 0.27 and 0.37 M NaCl. Approximately 150 g of purified protein usually was obtained.
Chemotaxis Inhibition. Chemotaxis of freshly elutriated human monocytes was analyzed in a 48-well microwell Boyden chamber (Neuroprobe, Cabin John, MD) fitted with a polyvinylpyrrolidone (PVP)-coated polycarbonate filter (pore size 5 m) using standard procedures (8) . Dilutions of MC148P were made in RPMI 1640 medium (Quality Biologicals, Gaithersburg, MD) containing 0.5% BSA and 25 mM Hepes, pH 7.4. After a 40-min incubation at 37°C, migrated cells were counted in five 40ϫ fields. Chemotaxis of monocytes to I-309 also was carried out for 40 min at 37°C following the protocol of Miller and Krangel (9) . Chemotaxis of neutrophils, obtained by dextran sedimentation and hypotonic lysis of random donor buffy coats, was analyzed in a chamber fitted with a 3-m pore PVP-free polycarbonate membrane. Cells and chemokines were in Hanks' balanced salt solution (GIBCO͞BRL) con- taining 0.1% BSA. Migrated cells were counted after a 30-min incubation at 37°C. Chemotaxis of elutriated lymphocytes, isolated by Ficoll Hypaque gradient centrifugation, was analyzed in a chamber with mouse type IV collagen-coated, PVP-free polycarbonate filters (pore size 5 m) and a 2-h incubation at 37°C (8) .
Calcium Flux Measurements. Cells were loaded with Fura-2 (Molecular Probes) by using standard methods (10) , and fluorescence was monitored in a spectrofluorimeter (Photon Technology International, Monmouth Junction, NJ). Results were expressed as the ratio of fluorescent emission at 510 nm from repetitive, sequential excitations at 340 nm and 380 nm every 200 msec.
Chemokine-Binding Studies. One million HEK 293 cells bearing the CCR2B receptor (10, 11) in RPMI buffer containing 0.5% BSA and 25 mM Hepes, pH 7.4, were dispensed to triplicate tubes containing 0.1 nM 125 I-labeled MCP-1 (2,200 Ci͞mmol; DuPont͞NEN) and either unlabeled MCP-1, MC148P, or interleukin 8 (IL-8) at indicated concentrations. Binding was allowed to occur at 4°C with gentle agitation for 2 h. To separate cell-bound from unbound radioactivity, the cells were centrifuged for 5 min at low speed in a microfuge. The pellet was resuspended in 0.2 ml of binding buffer and layered over a 1-ml cushion of 10% sucrose in PBS. After centrifugation at 10,000 rpm in a microfuge, the supernatant was aspirated and the cell associated radioactivity was quantitated in a gamma counter.
RESULTS

Expression and Purification of MC148P.
The lack of a cell culture system to grow MCV led us to express the chemokine homolog by introducing the MC148 coding sequence into the genome of vaccinia virus, a prototype poxvirus that is distantly related to MCV. Two recombinant viruses, vIDA-1 and vIDA-2, containing identical MC148 genes except for a natural Arg͞Lys polymorphism at the third codon after the predicted signal peptide cleavage site were isolated. The MC148 sequence in Fig. 1A shows the Arg polymorphism. Cells infected with either recombinant virus secreted a protein that reacted with antiserum raised against an MC148 peptide (not shown). The purification of MC148P was monitored by PAGE. After three steps, a single 10-kDa silver-stained band was detected after denaturation of the purified protein in the absence ( bility of the protein was unchanged after digestion with N-glycosidase (data not shown). MC148P eluted from a G-50 Sephadex column between markers of 13.5 and 6.5 kDa, consistent with it being largely monomeric (Fig. 1C) . Inhibition of Chemotaxis. Chemotaxis was measured by using a modified Boyden cell migration system in which the cells are placed in the upper chambers and the chemoattractant is placed in the lower ones. Initial experiments indicated that MC148P itself had no effect on the migration of monocytes, lymphocytes, or neutrophils. The concentration of human chemokine that provided half-maximal cell migration then was mixed with several concentrations of MC148P in the lower wells of the chamber. In Fig. 2A -E, the effect of MC148P on the chemotaxis of freshly prepared human monocytes to the CC chemokines MCP-1, MCP-3, MIP-1␣, RANTES, or I-309 is shown. MC148P exhibited dose-dependent antagonistic activity to a maximum of 70-80% over a 0.2-20ϫ molar concentration relative to each active chemokine. Halfmaximal antagonistic activity usually occurred at a 1-2ϫ concentration of MC148P. The negative controls, MC148P that was heat treated at 96°C for 15 min (⌬MC148P) and the CXC chemokine IL-8, had no chemotactic inhibitory activities.
To extend these observations, we determined the effect of MC148P on the chemotaxis of monocytes (Fig. 2F ) and lymphocytes (Fig. 2H) to the CXC chemokine SDF-1. A 70-80% inhibition occurred at 10-to 12-fold molar ratios of MC148P to SDF-1 with a half-maximal effect at a 1-to 2-fold molar ratio. Neither of the negative controls, ⌬MC148P nor IL-8, inhibited chemotaxis of monocytes or lymphocytes in response to SDF-1. We also tested the effect of MC148P on the ability of the CXC chemokine IL-8 to attract neutrophils. MC148 inhibited chemotaxis in a dose-dependent manner (Fig. 2I) . A 12-fold molar ratio of MC148P to IL-8 inhibited chemotaxis by 70%; half-maximal inhibition occurred at a molar ratio of 2-4:1.
The antagonistic effects of MC148P appear to be specific for the chemokine family of chemoattractant molecules because there was no effect on the chemotaxis of monocytes to the classical chemoattractant fMet-Leu-Phe (fMLF) (Fig. 2G) . This result also ruled out nonspecific or other effects of MC148P that might inhibit the ability of cells to respond to chemoattractants.
Inhibition of Calcium Flux. In addition to chemotaxis, the binding of chemokines to their receptors induces a rapid release of intracellular calcium. Consistent with the antagonistic chemoattractive activity, MC148P did not induce a calcium flux in primary monocytes or CCR2B-transfected HEK 293 cells but greatly diminished the responses of these cells upon subsequent incubation with MCP-1, a specific CCR2B agonist (Fig. 3 A and C) . Moreover, the extent of inhibition was directly related to the amount of MC148P used. Similarly, incubation of MC148 with CCR8-transfected murine pre-B cells (12) prevented the intracellular calcium release generated by I-309, a CCR8 agonist (Fig. 3B) . In other experiments (not shown), MC148P prevented submaximal amounts of SDF-1␣ from mobilizing calcium in murine pre-B cells, which have an endogenous SDF-1 receptor, and in HOS cells transfected with the human SDF-1 receptor CXCR4 (13) .
Inhibition of Chemokine Binding. Next, we determined whether MC148P could specifically prevent or displace the binding of a chemokine to its receptor. The binding of 125 I-MCP-1 to CCR2B, expressed in transfected HEK 293 cells, was prevented by equivalent concentrations of unlabeled MCP-1 or MC148P (Fig. 4 ). An IC 50 for MC148P of approximately 1.5 nM was calculated. As expected, the negative control IL-8 had no effect on MCP-1 binding (Fig. 4) . These results strongly suggest that MC148P acts by binding directly to chemokine receptors. An alternative possibility, that MC148P binds to chemokines, was investigated. Attempts to cross-link biologically active concentrations of MC148P with iodinated MCP-1 or MIP1-␣ by using 2.5 mM ethylene glycol bis(sulfosuccinimidyl-succinate), however, were unsuccessful.
DISCUSSION
Viruses have developed a variety of methods for exploiting or combating chemokines and their receptors (14) . Some herpesviruses encode chemokine receptor homologs that may exhibit constitutive or chemokine-induced signaling (15) (16) (17) and HIV and related retroviruses have envelope proteins that bind to chemokine receptors for cell entry (18) (19) (20) (21) (22) (23) . In contrast, some poxviruses (not including MCV) encode a secreted protein that binds avidly to CC chemokines and may interfere with their actions (24) (25) (26) . Chemokine homologs are encoded by human herpesvirus (HHV) 6 (27), HHV 8 (28, 29) , and murine cytomegalovirus (30) . Of these, HHV 8 vMIP-II has been characterized in the most detail; it has broad-spectrum CC chemokine receptor-binding properties and inhibits chemotaxis of monocytes to several CC chemokines (31) . In addition, vMIP-II binds the CXC receptor CXCR4 (31) . At present, however, MC148P is the only viral chemokine homolog that has been shown to inhibit chemotaxis of multiple leukocyte subsets induced by CC and CXC chemokines. Based on the chemotaxis results, we can infer that MC148P functionally interacts with at least the following CC and CXC receptors: CCR1 and͞or CCR5, CCR2, CCR8, CXCR1 and͞or CXCR2, and CXCR4. Further experiments are likely to expand this list. Aside from one CC chemokine (I-309), MC148P is the only molecule shown to interact with CCR8.
The broad, potent chemokine antagonist activity of MC148P and vMIP-II was unexpected in view of the binding specificities of chemokines and the absence of any example of a CC and a CXC chemokine using the same leukocyte receptor (2) . Despite the distinct receptor-binding specificities of CC and CXC chemokines, these chemokines have similar threedimensional monomeric structures comprising an NH 2 -terminal unstructured region, three antiparallel ␤-strands connected by loops, and a COOH-terminal ␣-helix (32). The receptor activation domain resides within the unstructured NH 2 terminus, and chemokine antagonists have been engineered by truncation or extension of the NH 2 -terminal sequence of several chemokines (33) (34) (35) (36) (37) (38) . Inspection of the viral chemokine homolog sequences suggested that the antagonistic activity of MC148P resulted at least in part from a shortened NH 2 -terminal activation domain (Fig. 1 A) . The antagonistic activity of HHV 8 vMIP-II, however, must have a different basis because the length of the NH 2 terminus is similar to that of CC chemokines (Fig. 1 A) . The ability of MC148 to inhibit neutrophil chemotaxis correlates with the conservation of the leucine, 16 aa after the second cysteine (Fig. 1 A) , which has been shown to be important for IL-8 binding to CXCR1 and CXCR2 (39, 40) . vMIP-II lacks this conserved leucine and does not bind known IL-8 receptors.
The specificity of chemokines for one or a few receptors is clearly useful for the host because it allows selective activation of different cell types. For viruses, however, broad antagonistic activity may be advantageous. We can speculate that both poxviruses and herpesviruses pirated a chemokine gene from their hosts and that mutations conferring binding to multiple At present, the role of MC148P in MCV evasion of the immune system cannot be determined directly because the virus has never been grown in cell culture and there are no useful animal models (42, 43) . Nevertheless, the absence of homologs of other genes whose products interact with chemokines or chemokine receptors and the ability of MC148P to inhibit chemokine-induced migration of multiple leukocytes subsets imply that MC148P has a major role in preventing an inflammatory response to MCV infection.
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